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Abstract 
The safeguard of nuclear material is of paramount importance to the IAEA which increasingly uses this information for 
characterization purposes in order to strengthen the verification of declared nuclear material and to identify the origin of 
samples from mines. IAEA tasked CETAMA to conduct a round robin with objective to evaluate the capability of laboratories 
to measure impurities in uranium with concentration levels between 1 and 500 ppm relative to uranium.  
This round robin was attended by 17 international laboratories from the nuclear industry and safeguards community.  
The results are mainly obtained by ICP-MS (14) and ICP-AES (3).  
The synthesis of this round robin were helpful in identifying anomalies and will allow the IAEA to better set realistic 
measurement performance targets for ICP-MS and ICP-AES. 
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1. Introduction 
The Commission for the Establishment of Analysis Methods (CETAMA) is a unit of the French Alternative 
Energies and Atomic Energy Commission (CEA) set up to improve the quality of analysis and measurement 
result, in the nuclear field, by proposing suitable scientific and technical developments. Among its main missions 
it applies the experience acquired, facilitates pooling of analytical problems and solutions through Working 
Groups, and informs users notably by organizing topical information meetings. 
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For many years, CETAMA has organized interlaboratory measurement comparisons and it has a long 
experience in the management of proficiency testing. The committee aims at improving the quality of 
measurements with maximum possible accuracy, as the quality is of crucial importance for laboratories in the 
nuclear industry. A Round Robin is a collaborative trial, and it is an effective way to quickly reach good 
practices, more robust than isolated testing. It is particularly important when cases are targeted. 
At the international level CETAMA is recognized as an organizer of interlaboratory comparisons, particularly 
those concerning the weight measurement of uranium or plutonium named Quality Evaluation of Analytical 
Results in Nuclear Industry (EQRAIN) 1 . Another example is uranium isotopic measurements by mass 
spectrometry2. In this context, IAEA entrust us entirely organized, managed and operated a specific round robin 
based on trace analysis in a uranium matrix. 
 The objective is to evaluate the ability of laboratories to measure trace elements in a solution of uranyl nitrate 
at relatively high concentrations. Despite the fact that many international organizers propose round robin it 
doesn’t exit topic as specific as measurement of traces in a uranium matrix. 
"Nusimep"3 organized by the IRMM (Institute for Reference Materials and Measurements, Geel, Belgium), or 
the Safeguards Measurement Evaluation Program (EMS), organized by New Brunswick Laboratory (NBL), are 
nearest in this field, but rather for isotopic measurement4 or measurement of uranium weight laboratories. 
On the other hand many French (AGLAE) or foreign DOE or EPA organizations propose trace analyses, often 
in water matrices related health programs.  There is however no standard proficiency testing that combines these 
two requirements. 
The measurement of trace elements in a solution with a high concentration of uranium requires an assessment 
of the accuracy of the determination of elements based on a detailed knowledge of matrix effects. One important 
criterion in quantitative analysis is accuracy, i.e. the contribution of both trueness (systematic errors) and 
precision (random errors). By definition5  “Trueness is the closeness of agreement between the average value 
obtained from a large series of test results and an accepted reference value”. Trueness can be expressed either as 
a bias or as a percentage recovery. Ideally, trueness should be verified by using certified reference materials 
(CRMs). An alternative is the involvement in interlaboratory (round robin) experiments. Proficiency testing6 is 
often used to provide accreditation to participating laboratories, using the bias with either a reference or an 
accepted value of the analyte concentrations. Precision is a generic term that includes instrumental repeatability, 
method repeatability, intermediate precision, intralaboratory (internal or within-laboratory) and interlaboratory 
(between-laboratory) reproducibility. Precision is expressed by a standard deviation. 
 Among the different ways to search for and find the origin of an ore, the quantitative determination of trace 
elements it contains is a prerequisite for any investigation. The nature and chemical composition of elements in a 
uranium matrix varies greatly, and in a particularly dynamic range depending on the origin of the samples. This is 
the case for Al, Ce, La, Mo, Th, Cu, whose reports concentration ratios around 1 ppm must be compared to 
uranium mass. Na and Ca may be present at a relatively higher concentration, and generate interference with the 
Cu, Zn in the same way as Zr and Sn may interfere with Mo, Ce or La. In all cases the exact determination of the 
chemical composition of all components of a uranyl nitrate solution by spectrometric techniques remains difficult 
due to the amplitude of the measured concentrations. The participating laboratories mainly used inductively-
coupled plasma mass spectrometry (ICP-MS) and some inductively-coupled plasma atomic emission 
spectrometry (ICP-AES) instruments, sometimes combining the two. 
2. Experimental part. 
 The sample solution is prepared from high purity single element concentrates of individual elements and 
composed of metal elements: Al, Ca, Cd, Ce, Cu, Fe, La, Mn, Mo, Na, Th, Zr. 
The basic SRM used for the realization of the solution are of high purity and traceable to NIST. 
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The solution was guaranteed stable and accurate to +- 10 % of the labeled value. This includes uncertainty 
components due to the preparation, measurement, homogeneity, short term and long term stability. Uranium is 
present in solution at a concentration equal to 9685 mg/L-1.These solutions are packaged in plastic bottles  100 
ml, preserved in 5% nitric acid medium. The samples were sent in March 2011 to 18 participating laboratories 
and the round robin closed in September 2011 
Choice of measurement technique or procedure is free. However collected results indicate that most 
determinations are obtained with ICP MS. We observe that only four characterizations were made by ICP AES of 
which two after resin extraction. 
3. Implementation
One important feature of this proficiency testing is the variety of participating laboratories. The trial 
associated laboratories specialized in trace analysis with high accuracy requirement with others oriented more 
towards industrial monitoring. In all cases, even if experience in the field of trace measurement is not very 
developed a good knowledge of the physical chemistry of the matrix enabled so remarkable results with high 
quality to be reached. Regardless of its objectives, proficiency testing always provides an opportunity for the 
participants to improve their practices. 
The main objective of this round-robin was to test the quality of the measurement results. Statistical analysis 
applied to results 
3.1. Policy adopted for this round-robin 
The general approach adopted for statistical analysis of this round-robin consisted in calculating the mean 
values for each test, the robust means, and the z and zeta-scores,. This procedure was applied to all the 
measurement results and, where possible, separately to each of the two techniques (ICP-MS, ICP-AES). 
The statistical tests classically used to interpret the results of a round-robin refer to a population satisfying the 
criteria of a normal distribution defined by the mean and the variance. However, the statistical distribution of the 
results reported in this round-robin for certain techniques or for certain elements cannot be considered normal, 
due to an insufficient number of measurements and/or the presence of aberrant values. In this case, “robust” 
statistical methods can be used for which no hypothesis concerning the distribution is necessary. These methods 
take into account all the results, including those considered aberrant according to normal distribution criteria: 
none of the results are disregarded in calculating the mean and standard deviation. These methods are based on 
calculation algorithms described in standard7 ISO 5725-6 and ISO/DIS 13528. 
4. Results and discussion. 
  
Figure 1 Mean and reference value of concentration in elements by technique ICP MS and ICP AES 
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A total of 175 average based on means composed with around 700 unit results were returned for statistical 
treatment. Data characteristics of this round robin are presented in Table 1 below for results obtained by ICP MS 
and ICP AES. 
The average of results obtained by the participating laboratories and the reference values for the different 
elements (except Na considering its highest value) are shown in figures 1 and 2 respectively for ICP MS and ICP 
AES. The error bars correspond to the reproducibility standard deviation obtain from statistic treatment of all 
laboratories (except Ca and Mn for ICP AES because out of scale). The majority of the results examined by ICP 
MS have concentration measured ranged minus than 5 %, someone around 10 % as presented in Figure 1 
Table 1 Statistical analysis of results 
Elément Technic  p 
laboratories 
Average Certified 
Value 
Deviation 
(d) 
Relative 
deviation 
Al ICP-MS 11 0.19 0.17 0.02 9.2% 
 ICP-AES 3 0.18  0.01 3.9% 
Ca ICP-MS 7 0.20 0.27 -0.07 -34.0% 
 ICP-AES 3 0.54  0.27 50.3% 
Cd ICP-MS 13 0.16 0.16 -0.00 -0.1% 
 ICP-AES 4 0.15  -0.01 -5.7% 
Ce ICP-MS 10 0.22 0.22 -0.00 -1.4% 
Cu ICP-MS 12 0.16 0.17 -0.01 -7.6% 
 ICP-AES 4 0.19  0.01 6.7% 
Fe ICP-MS 12 0.25 0.27 -0.02 -9.9% 
 ICP-AES 4 0.27  -0.00 -0.6% 
La ICP-MS 9 0.10 0.10 0.00 0.9% 
Mn ICP-MS 13 0.12 0.13 -0.00 -3.5% 
 ICP-AES 4 0.44  0.31 70.9% 
Mo ICP-MS 13 0.19 0.18 0.01 4.6% 
 ICP-AES 4 0.17  -0.01 -9.0% 
Na ICP-MS 11 5.97 5.85 0.12 2.0% 
 ICP-AES 4 6.12  0.27 4.3% 
Th ICP-MS 13 0.20 0.21 -0.01 -4.7% 
Zr ICP-MS 12 0.24 0.25 -0.01 -4.8% 
 
Figure 2 Relative deviation reference value for results by ICP-MS 
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Table 2. Z-score test results obtained by the laboratories for both techniques and for all elements. Uncalculated Z-scores correspond to the 
number of results not reported by the laboratories. 
Element Technique Measured “Very 
satisfactory” Z-
score 
í1 < Z < +1 
“Satisfactory” Z-
score 
í2 < Z < í1 
+1 < Z < +2 
“Questionable” 
Z-score 
í3 < Z < í2 
+2 < Z < +3 
“Unsatisfactory” 
Z-score 
Z < í3 
Z > +3 
Al ICP MS 12 5 5 0 2 
Al ICP AES 3 0 3 0 0 
Ca ICP MS 8 2 1 0 5 
Ca ICP AES 3 1 0 0 2 
Cd ICP MS 14 12 1 1 0 
Cd ICP AES 4 1 0 3 0 
Ce ICP MS 10 8 0 0 2 
Ce ICP AES 1 0 0 0 1 
Cu ICP MS 13 6 4 1 2 
Cu ICP AES 4 3 0 0 1 
Fe ICP MS 13 4 4 3 2 
Fe ICP AES 4 2 1 1 0 
La ICP MS 9 8 0 0 1 
La ICP AES 1 0 0 0 1 
Mn ICP MS 14 9 4 0 1 
Mn ICP AES 4 1 0 1 2 
Mo ICP MS 14 7 6 0 1 
Mo ICP AES 4 0 2 0 2 
Na ICP MS 12 7 2 2 1 
Na ICP AES 4 2 1 0 1 
Th ICP MS 14 12 1 1 0 
Th ICP AES 1 1 0 0 0 
Zr ICP MS 12 4 4 2 2 
Zr ICP AES 1 0 0 0 1 
5. Z-score and zeta-score 
The z-score8 test measures the deviation from the benchmark value, and is used to evaluate the performance of 
a laboratory. It calculated by the following relation: 
V
P )(Xz i  
where Xi is the value obtained by the laboratory, and μ is the benchmark value. For this round-robin, ı was 
arbitrarily assumed equal to 10 times the uncertainty on the benchmark value;. 
We also use the zeta-score, a z-score variant that incorporates the uncertainty values provided by the 
laboratories. The zeta-score is calculated using the following formula: 
22
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P
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x
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The denominator includes the uncertainties reported by the laboratory (ux) and those of the reference material 
(uP). A result is considered very satisfactory when z (zeta) lies between í1 and +1; satisfactory when z (zeta) is 
between í2 and í1 or between +1 and +2; questionable when z (zeta) is between í2 and í3 or between +2 and 
+3; unsatisfactory when z (zeta) is below í3 and above +3. The zeta-score incorporates the notion of the 
uncertainty calculated by the laboratory, whereas the z-score simply normalizes a deviation based only on the 
laboratory value and the uncertainty on the benchmark value. The advantage of the zeta-score is that it includes 
the laboratory uncertainty, but with an inherent risk of bias because the uncertainty was determined under the 
responsibility of the laboratory alone. However we may be careful because this may lead a laboratory that 
overestimates its uncertainty could be rated better than another laboratory that would be penalized for having 
accurately calculated its uncertainty. 
 
  
  
Figure 3 Graph of results of z and zeta score for both techniques and measured elements 
The Z-score test results obtained by the laboratories are listed in Table  for both techniques and for all 
measured elements. Excepted for Ca we don’t observe distinct populations among all elements presents in 
solution. This distribution reflects that measurement is very satisfactory for Th, Cd, very good for Mn, Mo, Cu 
Na and in a minus part for La and Ce despite few numbers of laboratories able to measure it measure it. Logically 
the Z-score test results for measured elements were generally much better for ICP MS than for ICP-AES. 
The zeta-score test results obtained by the laboratories are presented in Figure 3 for both techniques and for 
measured elements. The zeta-score results were generally more satisfactory than the Z-score, with a significantly 
larger majority of “very satisfactory” and “satisfactory” results than for the Z-score. It thus appears that many of 
the participating laboratories are capable of correctly estimating their measurement uncertainty. Even if the 
deviations from the target values are sometimes appreciable, the uncertainties are generally estimated well 
enough that the target values are within the confidence intervals. Once again there are two elements populations, 
but the one with “very satisfactory” results is composed of Cd, Mo, Th, Mn, Na than the others elements 
obtaining so good results. Once again, the population obtaining “unsatisfactory” results is very small. In this case 
again the results obtained for ICP-MS were generally better than those obtained by ICP-AES. 
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6. Conclusion  
 This trial propose common exercise between laboratories partners of the IAEA and gives the opportunity to 
compare experiences with the participation of 17 laboratories, most of which abroad. 
 It responds to a request from the IAEA which seeks a high skill level in its partner laboratories. 
 The objectives of this round robin were targeted and clearly defined, and the results give a pragmatic view of 
the state of the art in the field of trace analysis in a uranium matrix by ICP-MS and ICP AES techniques. 
Accuracy assessment was the major challenge of this round robin and based on determined criteria set, we 
have obtained a quantitative expression of the precision of analytical technique. 
Except for calcium, where a significantly deviation was observed compared with all the other determinations, 
the results indicate, for more than half of the elements analyzed, present a relative deviation below 10%, and the 
others part between 10 and 20%. However the matrix effect is particularly marked with the use of ICP AES, and 
for elements such as calcium laboratories may tend to underestimate their uncertainties as the results are widely 
dispersed.  
For measurement by ICP MS at this ratio of concentration, it is reassuring to observe only a weak matrix 
effect of matrix in agreement with the results’ accuracy. 
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